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(54) Abstract Title 

Measurement-while-drilling apparatus with formation engaging pad mounted sensors 

(57) Measurement-while-Drilling apparatus, for 
obtaining information about a formation, uses sensors 
(Fig 3C, 301) on substantially non-rotating pads .264 
attached to a rotating housing 256 that is part of the 
drilling assembly. The pads make contact with the 
formation. The sensors may be density, NMR, resistivity, 
sonic or electromagnetic sensors. The NMR sensors may 
use a static magnetic field, that can be either radial or 
longitudinal in direction. The resistivity sensors may 
involve direct measurement of leakage current, or may 
rely on induction methods. The sonic sensors may be 
three component transmitters, and/or receivers for. 
determining compressional and shear velocities of the 
formation, and may also be used to image the formation 
in a VSP, or a reverse VSP. In an alternate arrangement, 
the sensors rotate with the drill bit {Fig 3D). A downhole 
microprocessor 272, analyses the data to improve 
signal-to-noise ratio, and to reduce redundancy in the 
acquired data. Depth information may be telemetered 
from an uphole controller, to facilitate the process. The 
downhole processor has adequate memory to store the 
processed data, for subsequent retrieval when the well is 
being tripped. Alternatively, a subset of the stored data 
may be telemetered uphole, . during the drilling process. 
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Ai least one drawing originally filed was informal and the print reproduced here is taken from a later filed formal copy. 
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MEASUREMENT-WSO-E-DRILLING 



Tte invent.on re.ares to the action and processing of data accused by a 
me asuremen,-w W le-driUing (M™, too> during the drilung of a W eUbore. More 
parWy. the — relates to methods and devices for acquiring data downhoU 
ustog sensors in eontae. wirh Ore borehoie wait, process.ng rhe data and r—ing to 
*. surface, in real-time, parameters of rhe fonuarion penetrated by rhe borehole as rhe 

borehole is being drilled using MWD 

telemetry. 



Modem *e,l driUing techniques, particular* those concerned with the drilbng 
of oU and gas weds, mvolve .be use of sever^ different measurement and telemetry 
sy s,ems «o provide pe.rophys.eal data and dara regarding driuing mechan.cs during the 
driltag process. Dara is acquired by sensors loced in rhe drill string nea, rhe bit and 
eirber stored in downhoie memory or transmit -he surface using MWD telemetry 
devices. 

Prior art discloses rhe use of a dowrdroie device incorporaring resist, gravity and 
mlg n, fi e measurements on a rotating «string. A downhole processor uses the 
gravity and magnetic dara to determine the orientation of rbe drU. string and, usrng 
maM from the resistivity device, makes measurements of formation resisttvity 
„ tune intervaissdected to give n—enrs spaced around rhe borehole. These 
data „ compressed and transmit upboie by a mud puise teieme^y sysrem. The 
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depth of the resistivity sensor is computed at the surface and the data are 
decompressed to S ive a resistivity .mage of the face of the borehole wall with an 
azimuthal resolution of 30°-. 

Prior an methods are limited to making resistivity measurements in the 
subsurface and fail to address the issue of other useful measurements that could be 
made using an MWP device. Prior art devices are also limited to measurement devices 
that rotate with the drill string and do not take advantage of current drilling methods 
wherein a mud motor is used and the drill bit could be rotating at a different speed 
from the drill string or wherein a non-rotating sleeve may be available on which 
substantially non-rotating measuring devices could be located. The rate at which 
measurements are made is selected to be constrained by the data transmission rate of 
the telemetry system. Prior art systems thus fail to take advantage of the inherently 
higher capability of measuring devices and the ability to use redundant data to improve 
the signal-to-noise (S/N) ratio. Prior art also relies on an uphole determination of the 
depth of the tool, whereas if the determinate of the depth of the tool were made 
downhole intelligent decisions could be made about the amount of data to tnnsmit 
uphole. The present invention overcomes these inadequacies. 



The present invention is an apparatus and method of making measurements of a 
plurality of parameters of interest of the formation surrounding a borehole. In one 
aspect of the invention, the drill bit is mounted on a rotating drilling and the 
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measurements of the parameters of interest. The assembly is provided with magnetic 
and inertia! sensors to provide information on the orientation of the measurement 
sensors. A telemetry system sends information downhole about the depth of the 
drilling assembly. A processor downhole combines the depth and azimuth information 
with the measurements made by the rotating sensors, uses redundancy in the data to 
improve S/N ratio, compresses theckta and sends it uphole by a telemetry system or 
stores it downhole for later retrieval. 

In another aspect of the invention, the drill bit is driven by a downhole drilling 
motor. The motor may be on a rotating drillstring or on coiled tubing. The sensors for 
measuring the parameters of interest could be rotating with the drill bit. Alternatively, 
the sensors could have one of several configurations. In one configuration, the sensors 
are mounted on a substantially non-rotating sleeve; in another configuration, the 
sensors are mounted on pads that could be rotating or non-rotating, the pads being 
hydraulically or mechanically actuated to make contact with the borehole wall; in yet 
another configuration, the sensors are mounted on substantially non-rotating rib- 
steering devices used to controi-the direction !of Ihe downhole drilling tool. In any of 
these arrangements, the downhole assembly is provided with sensors that make 
measurements of the parameters of interest. The assembly is provided with magnetic 
and inertial sensors to provide information on the orientation of the measurement 
sensors. A telemetry system sends information downhole about the depth of the 
drilling assembly. A microprocessor downhole combines the depth and azimuth 
information with the measurements made by the rotating sensors, uses redundancy in 
the data to improve S/N ratio, compresses the data and sends it uphole by a telemetry 
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sys , em Th e parameters or int.es, ^ 
images of the formation. 

As a backup to, of independently of, obtaining the depth information by 

m „sor to use measurements from sensors a, more than one depth to provide a 
rate of penetration. 

Variou: en 1 bod ta e nl sof ft epresen,.nven,ion»inno W hede S o n bed,b yW ay 
FIG 1 is a sehemahc illustration of a drilling system. 

FIG 2 illustrates a drilling assembly for use with a surface rotary system for drtlhng 
b oreho,ea wherein the drilling assembiy has a „on-ro,a,ing sleeve for effecting 
directional changes downhole. 

FIG. 3A illustrates the arrangement of resistivity sensors on a pad. 

FIG 3B illustrates the overlap between pads on a rora.urg sensor arrangement. 

FIG. 3C Ulusrrates the pads on a non-rotating sleeve used for resistivity 

measurements. 

FIG. 3P Ulusrrares rhe a pad used for resisbvity measuramenrs that rotates with the 
drilling shaft. 

Fig. 3* illustrates *e arrangement of density sensors according ,0 the present 
invention. 

FIG.3F illustrates the arrangement ofelaatic transducers on a pad. 



FIG. 4 illustrates the acquisition of a set of reverse VSP data according to the present 

invention. 

FIGS. 5A- 5B show a method by which depth is calculated downhole.. 

FIG 6 A and 6B are schematic illustrations of the sequence of data flow in processing 

the data. 

FIGS. 7A- 7D are schematic illustrations of the invention in which NMR 
measurements are made using pad mounted sensors. 

FIG. 8 illustrates an arrangement of permanent magnets on the housing according to 
one aspect of this invention. 

FIGS. 9A - 9C are schematic illustrations of the invention in which electromagnetic 
induction measurements are made at various azimuths. 



as: 



FIG. 1 shows a schematic diagram of. a drilling system 10 having a drilling 
sembly 90 shown conveyed in a borehole 26 for drilling the wellbore. The drilling 
system 10 includes a conventional derrick 11 erected on a floor 12 which supports a 
rotary table 14 that is routed by a prime mover such as an electric motor (not shown) 
at a desired rotational speed. The drill string 20 includes a drill pipe 22 extending 
downward from the rotary table 14 into the borehole 26. The drill bit 50 attached to 
the end of the drill string breaks up the geological formations when it is rotated to drill 
the borehole 26. The drill string 20 is coupled to a drawworks 30 via a Kelly joint 21, 
swivel. 28 and line 29 through a pulley 23. During drilling operations, the drawworks 
30 is operated to control the weight on bit, which is an important parameter that 



£ffeai the rate of penetration The operation of the drawworks is w=U knovm to the 
an and is thus not described in detail herein. 

During drilfing operations, a suitable rinding fluid 3. from a mud pi, (source) 
32 u circulated under pressure through the drifl string by a mud pump 34. The drilling 
fluid passes from the mud pump 34 into the drid string 20 via a desurger 36, fluid line 
28 and Kedy join. 21. The Ming fluid 31 is discharged a, the borehofe bottom 51 
lhroug h an opemng in the drill bit 50. The rinding fluid 3. ctalates u P ho!e through 
,„e annufar spec 27 between d* drid string 20 and the borehole 2d and ten™ ,0 th. 
mod pit 32 via a return line 35. A sensor S, preferably placed in the line 3S provides 
formation about the fluid flow rate. A surface torque sensor S, and a sensor S, 
associated with the dnfl string 20 tyspecrivefy provide infonnation about the torque 
a„d rotational speed of the drill string Addfrionalfy, a sensor (no. shown) associated 
with line 29 is used .0 provide .he hook load of the drill string 20. 

to one embodiment of the invenUon. dne drill hi. 50 is rotated by only rotating 
the drill pipe 52. In another embodiment of the mvention, a dovmhole motor 55 (mud 
mot or) is disposed in the ridding assembly 90 to.rotate .he drid *» - the drid pipe 
„ is rotated usually 10 supplement the rotadonal power, if required, and to effect 
changes in the drilling direction. 

In the pnefened embodiment of FIG. 1, the mud motor 55 is coupled ,0 the 
driJ, bit 50 via a drive shaft (no. shown) disposed in a beanng assembly 57. The mud 
notOT ro.a.cs the drid hi. 50 when the dnliing fluid 31 passes .hrough ihe mud motor 

I. rn c „ nnor ts the radial and axial forces of the 
55 under pressure. The bearmg assembly 57 supports tne 

6 
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drill bit.. A stabilizer 58 coupled to the bearing assembly 57 acts as a centralizer for the 
lowermost portion of the rnud motor assembly. 

In one embodiment of the invention, a drilling sensor module 59 is placed near 

the drill bit 50. The P r0CesSing 
sofrware^d algorithm Such parameters 

preferably include bit boun«, stick-slip of the drilling assembly, backward rotation, 
torque, shocks, borehole and annulus pressure, acceleration measurements and other 
measurements of the driU bit condition. The drilling sensor module processes the 
sensor information and transmits it to the surface control unit 40 via a suitable 
telemetry system 72. 

FIG. 2 shows a schematic diagram of a rotary anllmg assembly 255 conveyable 
downhole by a drill pipe (not shown) that includes a device for changing drilling 
direction without stopping the drilling operations for use in the drilling system 10 
shown in FIG. 1. The drilling assembly 255 has an outer housing 256 with an upper 
joint 257a for connection to.thfi.drill pipe (not shown) and a lower joint 257b for 
accommodating the drill bit 55. During drilling operations, the housing, and thus the 
drill bit 55, rotate when the drill pipe is rotated by the rotary table at the surface. The 
lower end 258 of the housing 256 has reduced outer dimensions 258 and bore 259 
therethrough. The reduced-dimensioned, end 258 has a shaft 260 that is connected to 
the lower end 257b and a passage 26 for allowing the drilling fluid to pass to the drill 
bit 55. A non-rotating sleeve 262 is disposed on the outside of the reduced 

dimensioned end 258, in that when the housing 256 is rotated to rotate the drill bit 55, 

7 
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the non-rotating sleeve 262 remains in its position. A plurality of independently 
adjustable or expandable pads 264 are disposed on the outside of the non-rotating 
sleeve 262. Each pad 264 is preferably hydraulically operated by a control unit in the 
drilling assembly 256. A plurality of formation sensors is located on each of the pads 
264. Those versed in the art would also recognize that these pads, because they are 
provided with the ability for selectively extending or retracting during drilling 
operations, can also be used as stabilizers and for controlling the drilling direction. 
Mechanisms for extending the pads to make contact could be operated by hydraulic, 
mechanical or electrical devices. • A commonly used mechanical arrangement is to have 
the pads mounted on springs that keep the pads in contact with the borehole wall. 
Such devices would be familiar to those versed in the art. Alternatively, the drilling 
assembly could be provided with separate stabilizer and steering assemblies. The 
arrangement of the formation sensors is discussed below in reference to FIG. 3A- 3F 

The drilling assembly also includes a directional sensor 271 near the upper end 
257a and sensors for determirung the temperature, pressure .fluid flow rate, weight on 
bit, rotational speed of the drilLbit, radial and .axial, vibrations, shock and whirl. 
Without limiting the scope of the invention, the directional sensors 271 could be of the 
magnetic or inertial type. The drilling assembly 255 preferably includes a number of 
non-magnetic stabilizers 276 near the upper end 257a for providing lateral or radial 
stability to the drill string during drilling operations. A flexible joint 278 is disposed 
between the section 280 and the section containing the non-rotating sleeve 262. A 
control unit designate by 284 includes a control circuit or circuits having one or more 
processors. The processing of signals is performed generally in the manner described 

8 
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below in reference to FIG. 5A-5B. A telemetry device, in the form of an 
electromagnetic device, an acoustic devise, a mud-pulse device or any other suitable 
device, generally designated herein.by 286 is disposed in the drilling assembly at a 
suitable place. A microprocessor 272 is also disposed hi the drilling assembly at a 
suitable location. 

FIG. 3A illustrates the arrangement of aplurality of resistivity sensors on a 
single pad 264. The electrodes are arranged in a plurality of rows and columns: in 
FIG. 3 A, rwo columns and four rows are shown, with the electrodes identified from 
301aa to 301 db. In a typical arrangement, the buttons would be an inch apart. 
Having a plurality of columns increases the azimuthal resolution of resistivity 
measurements while having a plurality of rows increases the vertical resolution of : 
resistivity measurements. 

FIG 3B illustrates how a plurality of pads, six in this case, can provide 
resistivity measurements around the borehole. In the figure, the six pads are shown as 
264 at a particular depth of the- drilling assembly. For illustrative purposes, the 
borehole wall has been "unwrapped" with the six pads spread out over 360° of 
azimuth. As noted above, the pads are on arms that extend outward from the tool 
body to contact the wall. The gap between the adjacent pads will depend upon the size 
of the borehole: in a larger borehole, the gap will be larger. As the drilling proceeds, 
the tool and the pads will move to a different depth and the new position of the pads is 
indicated by 264 1 . As can be seen, there is an overlap between the positions of the 
pads in azimuth and in depth. The tool orientation is determined by the microprocessor . 

9 
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m ftom the Actional sensors Z7.. This overlap provide redundant me™* 
5B. 

Those versed in the ar, would recuse thaS even with a M« — 
rotatag sleeve on the druhng — *. «- -don of ore sleeve <* oecr, W* a 
^ ^ rare of 60 *i «* hou, in o* manure. - - — * - — 

^antiaHy „oo roradng could have a complere revolution in .has one minute. 

. aHemare disposidon of .he sensor « routes wit, - « * ' ^ 
would occur in less than one second. 

. ^t>,» c^n^or oads in one embodiment of 
FIG 3C illustrates the arrangement of the sensor paas m 

th , present invention. Sbown are *. «ng "0 * she non-rotating sleeve 
^^echaniansosano^n.echanissnunossho-n. 

„ound with a curren, crying conductor (no, shown) surrouno she she*. The toroius 
„ arranged with sasne polsrity, so that upon passage of a correal in the toroid. a 
^edc —end, n»gne«c neH is induced in the rwo toroid, This magnet* 

mea sureo by One sensors 30, is .hen a measure ofthe resrsdvity of she fonuauon 

»*h rhe leakase cunent being substantially radial. Such an 
adjacent to the sensors, with the leakage cun 
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arrangement has been used before in wireline logging but has not been attempted 
before in measurement while drilling applications. The shaft 260 is provided with 
stabilizer ribs 303 for controlling the direction of drilling. 



In an alternate arrangement shown in FIG. 3D, the pad 324 is coupled to the 
shaft 340 by the mechanism for engaging the shaft to the borehole (not shown), so that 
it rotates with the shaft rather. than being non-rotating. The stabilizer 333 serves the 
same function as in FIG. 3C while the current carrying toroids 323 produce an electric 
field that operates in the same manner as in the discussion above with respect to FIG. 
3C. 

FIG. 3E illustrates the arrangement of density sensors according to the present 
invention. Shown is a cross section of the borehole with the wall designated as 326 
and the tool generally as 258. The pads engage the walls of the borehole with a 
radioactive source in pad 364a and receivers on pads 364b and 364c. This 
an-angement is similar to that used in wireline tools except that in wireline tools, the 
source is located in the body of the too!. 

The pads could also have elastic ( commonly referred to as acoustic) 
. transducers mounted on them. In the simplest arrangement shown in FIG. 3F, each 
pad has a three component transducer ( or, equivalentiy, three single component 
transducers) mounted thereon. The transducer is adapted to engage the borehole wall 
and capable of pulsating or vibratory morion in three directions, labeled as 465a, 465b 
and 465c. Those versed in the art would recognize that each of these excitations 

11 
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generates compression*! and shear waves into the formation. Synchronized motion of . 
transducers on the plurality of pads mtroduces seismic pulses of different polarization 
into the formation that cv. be detected at other locations in the simplest 
configuration, the detectors are located on the surface (not shown) and can be used for 
imaging the subsurface formations of the earth. Depending upon the direction of the 
pulses on the individual pads, congressional and polarized shear waves are 
preferentially radiated in different, directions. 

FIG. 4 illustrates the acquisition of a set of reverse VSP data according to the 
present invention. A plurality of seismic detectors 560 are disposed at the surface 
510. A borehole 526 drilled by a drill bit 550 at the end of a drillstring 520 is shown. 
The downhole drilling assembly mcludes seismic sources 564 on pads that engage the 
walls of the borehole. Seismic waves 570 radiating from the sources 564 are reflected 
by boundaries such as S71 and 573 and detected at the surface by the detectors 560. 
The detection of these at the surface for different depths of the drilling assembly gives 
what is called a reverse Vertical Seismic Profile (VSP) and is a powerful method of 
imaging formations ahead of the drill bit. Processing of the data according to known 
methods gives a seismic image of the subsurface. While reverse VSPs'using the drill 
bit itself as a seismic source have been used in the past, results are generally not 
satisfactory due to a lack of knowledge of the characteristics of the seismic signal and 
due to poor S/N.ratio. The present invention, in which the source is well characterized 
and is in essentially the same position on a non-rotating sleeve has the ability to 
improve the S/N ratio considerably by repeatedly exciting the sources in essentially the 
same position. Those versed in the seismic art would be familiar with the pattern of 
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energy radiated into the formation by the different directions of motions of the 
transducers 465 and their arrangement on a circular array of pads. 



Those versed in the art would also recognize that instead of seismic pulses, the 
seismic transmitters could also generate swept-frcquency signals that continuously 
sweep through a selected range of frequencies. The signals recorded at the 
transmitters can be correlated with the swept frequency signal using well known 
techniques to produce a response equivalent to that of an impulsive seismic source. 
Such an arrangement requires less power for the transmitters and is intended to be 
within the scope of the invention. 

The VSP configuration could be reversed to that of a conventional VSP, so t 
that downhole sensors on a non-rotating sleeve measure seismic signals from a 
plurality of surface source positions. Such an arrangement would suffer from the 
disadvantage that a considerabiy greater amount of data would have to be transmitted 
uphole by telemetry. 

In an alternate arrangement (not shown), two sets of axially spaced-apan pads 
are provided on the non-rotating sleeve. The second sat of pads is not illustrated but it 
has an arrangement of detectors that measure three components of motion similar to 
the excitation produced by the sources 465. Those versed in the art would recognize 
that this gives the ability to measure compressional and shear velocities of . the 
formation between the source and the receiver. In particular, because of the ability to 
directly couple a seismic source to the borehole wall, shear waves of different 

13 
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polarization can be generated and detected. Those versed in the an would know that 
in an anisotropic formation, two different shear waves with different polarization and 
velocity can be propagated (called the fast and the slow shear wave). Measurement of 
the fast and slow shear velocities gives information about fracturing of the formation 
and would be familiar to those versed in methods of processing the data to obtain this 
fracturing information. 

The same arrangement of having seismic transmitters and receivers on non- 
rotating pads in the drilling assembly makes it possible to record reflections from 
surfaces in the vicinity of the borehole. In particular, it enables the device to obtain 
distances to seismic reflectors in the vicinity of the borehole. This information is useful 
in looking ahead of the drillbit and in guiding the driUbit where it is desired to follow a 
particular geologic formation. 

Those versed in the art would recognize that by having an arrangement with 
four electrodes substantially in a linear arrangement on a number of non-rotating pads, 
the outer electrodes being a.transmitter and a receiver respectively, and by measuring 
the potential difference between the inner electrodes, a resistivity measurement of the 
formation can be obtained. Such an arrangement is considered to be conventional in 
wireline logging applications but has hitherto, not been used in measuremeot-while- 
driUing applications because of the difficulty in aligning the electrodes on a rotating 
drillstring. 
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The formation sensor assembly discussed above with respect to FIG. 2 is 
located cn a non-rotating sleeve that is part of a drilling assembly which includes a 
downhole mud motor. Those versed in the an would recognize that an equivalent 
arrangement can be implemented wherein instead of a drillstring, coiled tubing is used. 
This arrangement is intended to be within the scope of the present invention. 

In an alternate embodiment of the invention, the formation sensor assembly 
could be directly mounted on the rotating drillstring without detractin S from its 
effectiveness: This was discussed above with respect to resistivity sensors in FIG. 3D 



The method of processing of the acquired data from any one of these 
arrangements of formation sensors is discussed with reference to FIGS 5A- SB. For 
illustrative purposes. FIG. SA illustrates the "unwrapped" resistivity data that might be 
recorded by a first resistivity sensor rotating in a vertical borehole as the well is being 
drilled. The horizontal axis 601 has values from 0° to 360° corresponding to azimuthal 
angles from a reference direction determined by the directional sensor 271. The vertical 
axis 603 is the time of measurement. As the resistivity sensor rotates in the borehole 
while it is moved along with the drill bit, it traces out a spiral path. Indicated in FIG 
5A is a smusoidal band 604 corresponding to, say, a bed of high resistivity intersecting 
. the borehole at a dipping anglu. 

In one embodiment of the invention, the downhole processor 272 uses the 
depth information from downhole telemetry available to the telemetry device 286 and 
sums all the data within a specified depth and azimuth sampling interval to improve the 

15 
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S/N ratio and to reduce the amount of data to be stored. A typical depth sampling 
interval would be one inch and a typical azimuxhal sampling interval is 15° . Another 
method of reducing the amount of data stored would be to discard redundant samples 
within the depth and azimuth sampling interval. Those versed in the art would 
recognize that a 2-D filtering of the data set by known techniques could be carried out 
prior to the data reduction. The data after this reduction step is displayed on a depth 
scale in FIG 5B where the vertical axis 605 is now depth and the horizontal axis 601 is 
still the azimuthal angle with respect to a reference direction. The dipping resistive bed 
position is indicated by the sinusoid 604'. Such a depth image can be obtained from a 
time image if at times such as 607 and 609, the absolute depth of the resistivity sensor, 
607' and 609' were known. 

As a backup or as a substitute for communicating depth information downhole, 
the rmcroprocessor uses data from the additional resistivity sensors on the pads to 
determine a rate of penetration during the drilling. This is illustrated in FIG 5A by a 
second resisuvity band 616 corresponding to the same dipping band 604 as measured 
^^rc^^^^^^^"^.^' TheSpacinS 
between the first and second rcastivity sensors being known, a rate of penetration is 
computed by the microprocessor by measuring tne ume shaft between the bands 604 
and 616. The time shift between the bands 604 and 606 could be determined by one of 
many methods, including cross-correlation techniques. This knowledge of the rate of 
penetration serves as a check on the depth information communicated downhole and, 
in the absence of the downhole telemetry data, can be used by itself to calculate the 
depth of the sensors. 
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The method of processing discussed above works equally well for resistivity 
measurements made by sensors on a non-rotating sleeve. As noted above with 
reference to FIG. 3B, there is rail a slow rotation of the sensors that provides 
redundancy that can be utilized by the processor 272 as part of its processing-before- 
transmission. 

FIG. 6A illustrates the flow of data in one embodiment of the invention. The 
plurality of azimuthal data sensors (301 in FIG. 3A) are depicted at 701. The output 
701a of the azimuthal data sensors 701 is azimuthal sensor data as a function of time. 
The direction sensors (27 1 in FIG. 2) are denoted at 703. The output 703a of the 
direction sensors 703 is the azimuth of the drilling assembly as a function of time. 
Using timing information 705a from a clock 705 and the information 709a from the 
drilling ahead indicator 709. the processor first, carries out an optional data decimation 
and compression step at 707. The drilling ahead indicator uses a plurality of 
measurements to estimate the rate of advance of the drill bit. A sensor for measuring 
the weight on the drill bit gives measurements indicative of the rate of penetration: if 
the weight on the drill bit is zero, then the rate of penetration is also zero. Similarly, if 
the mud flow indicator indicates no flow of the mud. then too the drill bit is not 
advancing. Vibration sensors on the drill bit also give signals indicative of the forward 
movement of the drill bit. A zero value for weight on the drill bit, mud flow or drill bit 
vibration means that the sensor, assembly is at a consta.it depth. 
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This step of data decimation and compression may stack data from multiple 
rotations of the sensor assembly that fall within a predetermined resolution required in 
the imaging of the data. This information 707a consisting of data as a function of 
azimuth and depth is stored in a memory buffer 711. A memory buffer with 16MByte 
size is used, adequate to store the data acquired using one segment of drill pipe. As 
would be known to those versed in the art, the drill pipe comes in segments of 30 feet, 
successive segments being added at the wellhead as drilling progresses. 

Using estimates of the dulling speed from 717, and a drilling section completed 
indicator 713 a depth - time correlation is performed 715. The drilling section 
completed indicator includes such information as the number of drill string segments. 
The drilling rate estimate is obtained, e.g., from the method given in the discussion of 
FIGS. 5A and SB above. The time-depth transformation function 715a obtained by 
this is used at 719 to process the data as a function of azimuth and time in the memory 
buffer 711 to give an image that -is a function of azimuth and depth. This image is 
stored downhole at 721 in a memory buffer. With 16 Mbytes of memory, it is possible 
to store 1700 feet of data downhole with a 1 inch resolution. This data is later 
retrieved when tripping ihc weH or could be transmitted uphole using the telemetry 
device 286. By processing the data downhole in this fashion, the demand on the 
telemetry device is greatly reduced and it can be used for transmitting other data 
relating to the drilling motor and the drill bit uphole. 

The memory requirement for storing the data are easily computed. For 
example, for an 8 VT hole, storage of one foot of data with a resolution of V x 1" 
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requires (12> x (w x 8.5) x 4 = 1282 data points. (Those versed in the art would 
recognize the factor of 4 as arising from having to satisfy the Nyquist sampling 
criterion in two dimensions). For 5000 ft. of data and 1 6 bits (2 bytes) per. data 
sample, this gives a total of 12.82 MBytes. This is a reasonable size for a memory with 
presently available hardware and can, of course, be increased in the future as memory 
devices become more compact. 

Where the depth data is not available downhole, the situation is changed due to 
the variability, of the drilling rate. The system . must be able to collect data at a fast 
drilling rate of 200 ft./hr. as well as at a slow drilling rate of 20 ft/hr., a factor of 10 
variability. Systems that do not know the drilling rate will need to store data to 
accommodate the fastest drilling rate (200 ft/hr. in this example). If the hole is 
actually drilled at 20 ft/hr, then the amount of data that- would have to be stored 
downholc in the absence of any processing and decimation becomes ten times as large: 
130 Mbytes in the present example. This amount of data storage is at present 
impractical with available hardware. 

The arrangement shown in FIG. 6A does not use any telemetry data from the 
surface to compute depth. In an alternate arrangement shown in FIG. 6B, a depth 
calculation is performed downhole at 759 to give an actual position of the sensor 
assembly using information from a number of sources i ncluding telemetry data. One is 
the timing information 755a from the clock 755. A drilling speed sensor gives an 
indication of the drilling speed . Drilling speed 756a is obtained from one of two 
sources 756. In one embodiment, a downhole inertial sensor (not shown) is 
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MUM each toe >ha. drilling is stopped for adding a section of drill pipe. The 
Marion from this inertia, sensor provides an indication of drilling speed. In 
addition, or as an akemarive, drilling speed transmitted from the surface by the 
dowruinlc telemetry could be used and received at the downhole telemcuy device 2S6 
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M indicator of the drilling section completed 761, as discussed above with 
reference to 713 in HO. 6A is used as an additional inpu, for the depth caleuUtions, as 
,, m estimate from tire drilHng ahead indicator 763, discussed above with reference to 
,09 in FIG. 6A. This depth calculation 759a is used in dau compression and 
decimation 757 (as discussed above whh reference to FIG. 6A> .0 process data 751a 
from the azimuthal measurement sensors 75! and thedata 753a orientation sensors 
753. The image processing a, 765 gives the image data as a fonction of depth 765., 
this data being stored downhole 767 with the same resolution as at 721 in FIG. 6A. 
The processing scheme of FIG . 6E does no, require the memory buffer 711 that is 
present in FIG. 6A, however. i« does retire more depth data ,0 be transmitted 
downhole. thus tying up the .demetry'link to some extent. 

AS noted above in the discussion of FIGS. 5A- SB, a combination of both 
met hods could also be used, i.e. perfonn depth calculations from sensor data downhoie 
in addition tc using downlinked daw. 

The discussion above was with respect to resirJvity mea^rements. Any other 
scalar measurement made by a sensor can be treated in the same fashionto improve the 
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S/N ratio prior to transmitting it uphole by telemetry. Vector data, such as acquired by 
compression^ and shear wave transducers requires somewhat more complicated 
processing that would be known to those versed in the art. 

As mentioned above, the data transmitted from downhole is indicative of 
resistivities at uniformly sampled depths of layers of the formation. The data is 
transmitted in real time. The processes and apparatus described above provide a 
relatively high resolution color image of the formation in real-time. The resolution of 
this image may be enhanced even further by using various image enhancement 
algorithms. These image enhancing algorithms would be familiar to those versed in the 
art. 

The basic sensor configuration of FIG. 3C is also used in another embodiment 
of the invention to make Nuclear Magnetic Resonance (NMR)measurements. This is 
illustrated schematically in FIGS. 7A and 7B. The sleeve 862 is provided with at. least 
one pad 880 that makes contact with the borehole wall. Included in the pad is a 
permanent magnet assembly 883 denoted here by individual magnets 883a, 883b and 
883c. In a preferred embodiment, the two magnets on the sides are oriented with like 
poles in the same direction and the magnet in the middle is oriented with its poles 
opposite to the poles of the side magnets! With the arrangement of magnets shown, a 
static magnetic field is produced within the formation adjacent to the pad 280. As 
would be known to those versed in the art, there is a region, known as the region of 
examination, within which the field strength is substantially constant and the field 
direction is radial. 
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KMR measurements are made by inducing a Radio Frequency (RF) field in the 
formauon ma, has a duection that is orthogonal .0 the static magnetic field and maMng 
meaaurementsofmerelaxauonorthespinrnducedbyheRF field. Fig. 7B shows one 
cement in which a conductor 886 is arranged in an axial direction m the pad 880 
mth aconducting sheath 888 and soft femte 887. By pulsing an RF current through 
the conductor 886 with a return pa* through the sheath 888, an RF magpie 6e.d is 
mduced in the formation wuh a substantially tangentia) field direction, i.e. 
circumferenM with respect to the axis of the borehole. This is orshogona! to the static 
M d in the region of examination. The transmitter is turned offand the arrangement is 
UK d to measure the RF field produced by the relaxation of the spin inducer! by the RF 
field within the formation. 

An cremate arrangement of the perma.ee. magnets is .Hushed in perspective 
view in FIG. 7C. A pair o. pemtanen. magmets 785a and 785b in the shape of arcuate 
segments of cylinders are disposed in an ^ direaion with the direction of 
magnetron of the two magnets in opposite direction, This, or similar arrangements 
comprising more than one pair outproduces a region of examination in the 

formanon with a substantially uniform field strength having a radialfield direction. 

Inclusion of a femte dement 786 between the magnets helps in shapmg tine region of 

examination. The RF coil arrangemenl of FIG- 7B is used to produce an BF field with 

a tangential component within the region of examination 

FIG 7B illustrates an alternate RF antenna arrangement that can be used with 

cx?r<~ tr nr FIG 7C Sheet conductors 791a 
the permanent magnet arrangements of FIG. 7B or FIG. 7<_. 
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and 791b are arranged in arcuate portions of the pad (not shown). When the antenna 
is pulsed with an RF signal, an RF magnetic field with a substantially longitudinal 
component is produced within the formation adjacent the pad. This field is orthogonal 
to the radial static field produced by ihe permanent magnet arrangements of FIG. 7B 
or FIG. 7C. 

Those versed in the art would recognize that by using a single magnet (instead 
of a pair of opposed.magnets) in the configuration of FIG. 7C, a static field that is 
substantially longitudinal is produced in the formation in the vicinity of the borehole. 
The RF antenna arrangement Shown in FIG. 7B that produces an RF field in the 
formation having a substantially tangential component (circumferential with respect to 
the longitudinal axis) and could be used to make NMR measurements because of its : 
orthogonality to the static field. Alternatively, a circular RF coil with its axis in a radial 
direction (not shown) with respect to the borehole axis can be used to produce a radial 
RF field that is orthogonal to the longitudinal static field to make NMR measurements. 

Those versed in the art would also recognize that with any of the 
configurations discussed with reference to FIGS 7A- 7D, using a plurality of pads 
. oriented in different directions, or by making measurements with a single pad at 
different azimuths, azimuthal variations in the NMR properties of the formation can be 
determined. Such an azimuthal variation could be caused by fractures in the formation 
that are aligned with fracture planes parallel to the axis of the borehole, so that the 
amount of fluid in the formation (which is what determines the NMR response) has an 
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— venation. The azimutha, variations couid *. be measured on a single pad 
lhat ,s rotating sufficiency *a. the region of a*aminauon does no. change 
s i6 nincan.ly dunng the ume that the M measurement, are made. 

I, ye. another embodiment of .he invention shown in FIG. 8. ,h= permanent 
^assembly is mounted on the routing housm g «u, t ne « transmitter/receiver 
assembly is included in a, .east one sensor moduie ,80 that is mounted on a 
suhs.an.iany non-rotating sieeve 952. The parpen, magnet assembiy includes a parr 

cylindrical magnets *4a.b «ha, are iongitudinally polarized. Such an 
^angemen, produces a static magneuc f,.d in *. formation ma. is radia! in direction 
^ rot a.iona,,y symmetnc around the borehole, so .ha. ro.ation of .he magnet 
assembly itseif wou.d no. affect .he measurements (except fo, effects caused by 
nation of .he magna, assemhiy). The measurements made by .he RP assembly 
woul d he azimuthaly dependent if .here is any azimuths! variation in the for— 

Fig . Pa shows an embodiment of use inven.ion in which electromagnetic 
action sansor, arenas to datennine the resisWy of the fon^tion. An 
.ectromagnenc transfer amenna M is used W induce an electromagneric s.gnal 
1Illoth e formation. Each of the s.abiliaers 1W isprovtded with a recess .035 into 
whtch an electromagnedc receiver module !054 is sc. Each eUc.romagne.io recover 
m0 dule sOSd has a plurahty of slots .055 behtnd which the receiver cons <no, shovm) 
„ sc. The slots are axia»y spaced apart so that measurements may be made at a. 
^.wouansmitter.orcCverdis.ances. The antenna ,050 is controlied by an 
e.cc.ronics module 105, a, a suhahle location. Using l^own elecrromagneuc 
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use0 „ o.rermme .he resist of rhe formation. The frequency of Ore tra— 
^isrypicallyberweenl^andlOMHz. With ft. azimurhaUy disposed 

0 f me stable 1033 and the receiver modu.es 1054 on the stable, 
, Ws embodimen, makes i, possib,e t o derermine an — variation of ^ 
When muMple frequency signal are used, born rhe resistivity and *. die>ectric 
co^ranr of .he formation may be derenmmed using known methods. 

m embodimen, shown in Fig. 9b has .he elecrromagncuc receiver, in a pad- 
^ed-nfrgur.tion. ,» an axemen, similar . o ma, of Fig. 
„ mounred on a sleev. 1,05 The pads may be tended .0 make conrac. wlrh rhe 
formation using hydraulic, elecrncd or mechanic, arrangement (nor shown). The 

1150 is aiso mounred on fte s.eeve. The elecrronics con.ro. for rhe 
transmi n er and rhe receiver may be mounred a, a su.rabie location 1.52. As wirh rhe 

oe.ermhred by anrpii.ude and phase measurements ofrhc received, signal foUowing 

excitation of the transmitter 1150. 

Fie . ,c shows transmitTer-receiver module .200 suitable for use for higher 
frequ e„cy induction logging wirh a sign, a, ,OHz or more This module may be 

. 1164 in Fig. 9b. The module is provided wirh ar .casr rwo rransmitter slors .2.2 
and receiver s.ors .204 w«h rhe respective t— and receiver cods (nor shown) 
henind rhe slots. The transmitters arc preferab.y disposed symmetrically abou, the 
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receivers. The transmitter to receiver distances in this module are considerably less 
than -in the embodiments discloses in Figs, 9a, 9b necessitating the use of high 
frequency signals ( 1 GHz or more). 

In another embodiment of the invention, induction measurements are obtained 
using the electrode arrangement of Fig. 3A. For example, referring to Fig 3A, the 
electrodes 301aa, 301 ab could be used as a transmitter when pulsed simultaneously, as 
could the electrodes 301da, 301db. Similarly, the electrodes 301ba> 301bb constitute 
one receiver while the electrodes 301ca, 30lcb constitute a second receiver. 

The foregoing description has been limited to specific embodiments of this 
invention. It will be apparent, however, that variations and modifications may be made 
to the disclosed embodiments, with the attainment of some or all of the advantages of 
the invention. In particular, the invention may be modified to make density and 
acoustic measurements. 
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CLAIMS 



A Measurement-while-Drilting (MWD) apparatus mounted on a drilling 
assembly for determining a parameter of interest of a formation surrounding a 
borehole having a longitudinal axis, said apparatus comprising: 

(a) a rotatable housing; 

(b) at least one substantially non-rotating member operatively coupled to 
the housing, said non-rotating member adapted to make contact with 
the formation; and 

(c) a formation evaluation sensor carried by the at least one non-rotating 
member for making measurements relating to the parameter of interest. 

The MWD apparatus of claim 1 further comprising: 

(i) a directional sensor carried by the housing the directional sensor 
adapted to make measurements of the orientation of the housing; and 

(ii) a processor using directional information from the directional sensor 
and the measurement from the formation evaluation sensor to determine 
the parameter of interest. 

The MWD apparatus of claim i wherein the drilling assembly is conveyed on a 
drilling tubular selected from: (i) a drillstring, and (ii) coiled tubing. 
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The MWD apparatus of claim 1 wherein the at least one non-rotating member 
is a pad. the apparatus further comprising an extension device for moving the at 
leas: one pad from a retracted position to an extended position wherein .the pad 
ma kes contact with the formation, said device selected from the group 
consisting of: CO hydraulically operated, (ii) spring operated, and (Hi) 
" electrically operated. 

The MWD apparatus of claim 2 wherein the parameter of interest is selected 
from the set consisting of: (i) resistivity of the formation, (ii) density of the 
formation, (iii) concessional wave velocity of the formation, (iv) fast shear 
wa ve velocity of the formation, (v) slow shear wave velocity of the formation, 
(vi ) dip of the formation, (vu) radioactivity of the formation, ( vui) NMR 
properties of the formation, and (be) dielectric property of the formation.. 

The MWD apparatus of claim 2 wherein the parameter of interest is a 
resistivity image of the borehole. 

The MWD apparatus of claim 1 wherein the formation evaluation sensor is a 
. Nuclear Magnetic Resonance (NMR) sensor and the parameter of interest is an 
NMR property of the formation. 

The MWD apparatus of claim 7 wherein the NMR sensor further comprises: 
CO at least one permanent magnet for producing a first magnetic field 
having a region of substantially uniform strength in the formation; 
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(ii) a transmitter located on the at least one non-rotating member for 
transmitting a radio frequency pulse into said region of substantially 
uniform magnetic field to produce a second magnetic field and excite 
nuclei therein; and 

(iii) a receiver located on the at least one non-rotating member for receiving 
nuclear magnetic resonance signals from said nuclei in said region of 
homogenous magnetic field. 

9. The MWD apparatus of claim 8 wherein the at least one permanent magnet 
further comprises an inner magnet with magnetization perpendicular to the axis 
and wo outer magnets symmetrically disposed about the inner magnet, the two 
outer magnets having magnetization opposite to the magnetization of the inner 
magnet. 

10. The MWD apparatus of claim 8 wherein the at least one permanent magnet 
further comprises two arcuate magnets having magnetization in opposite 
directions and parallel to said axis. 

11. The apparatus of claim 8 wherein the at least one permanent magnet further 
comprises two annular cylindrical magnets on the housing, said two cylindrical 
magnets having opposite directions of magnetization that are parallel to the 
axis. 
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12. 



two 



formal and wherein the formauon evaluation sender 
a** spaced apan electronic receiver antennas. 



, 3 Th e MWD appals of d-m 1 wherein .he — sensor 

toher composes - — — " fa " " 

a^om^c — the *— «* ™ " OTVCr 
„ for detect - mduced electric *■* the two 
^etricaUy disposed about the rwo receivers. 
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A Measurement-while-Drilling (MWD) apparatus mounted on a drilling 
aasemol, for determining a parameter of interest of a formation surrounding a 
borehole, said apparatus comprising: 
( a ) a rotatable housing-, 

w a directions! sensor closed in the houstng for maidng measurements 
related to the orientation of the housing, 
a M device disposed in the housmg, said tdemeay device 
adapted ,0 receive depth tnformatton from an uphoie cntroUer; 
a, ,eas. one formation evaiuation sensor operative* coupled to the 

lhe formauon to ma*, measurements related to the parameter of 
interest; 



(c) 



(d) 
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(e) a processor for determining the parameter of interest from the 

measurements made by the directional sensor, the depth information 
and the measurements made by the at least one formation evaluation 
sensor. 



15. The MWD apparatus of claim 14 wherein the telemetry device is further 
adapted to transmit the determined parameter of interest to the uphole 
controller. 

16. The MWD apparatus of claim 14 wherein the drilling assembly is conveyed on 
a dnlling tubular selected from: CO a drillstring. and (h) a coiled tubing. 

17. The MWD apparatus of claim 14 further comprising a substantially non- 
rotating sleeve coupled to the housing, and wherein the formation evaluation 
sensors are carried by the sleeve. 

18. The MWD apparatus of claim 14 further comprising a pad carrying the at least 
one formation evaluation sensor. 

19. The MWD apparatus of claim 14 further comprising an extension device for 
moving the pad from a retracted position to an extended position wherein the 
pad makes contact with the formation, said device selected from the group 
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consisting of: (i) hydraulically operated, (ii) spring operated, and (iii) 
electrically operated. 

The MWD apparatus of claim 14 wherein the parameter of interest is selected 
from the set consisting of: (i) resistivity of the formation, (ii) density of the 
• forn^ion^)^^ Ov) fast shear 

wave velocity of the formation, (y) slow shear wave velocity of the formation. 
(vi) dip of the formation, and (vii) radioactivity of the formation, and (viii) 
resistivity image of the borehole. 

The MWD apparatus of claim 14 further comprising at least one stabilizer 
coupled to the housing for stabilizing the apparatus during drilling operations, 
and wherein the at least one formation evaluation sensor is carried by the at 
least one stabilizer. 

The MWD apparatus of claim 21 further comprising a transmitter antenna for 
inducing an electromagnetic signal having a frequency into the formation, and 
wherein the at least one formation evaluation sensor further comprises two 

^ally spaced apart receiver antennas for receiving the signal induced in the 

formation by the transmitter. 

The MWD apparatus of claim 14 wherein the at least one formation evaluation 
sensor further comprises two spaced apart electromagnetic transmitter antennas 
on a pad for transmitting an electromagnetic signal having a frequency into the 
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formation and two spaced apart receiver antennas on the pad for detecting the 
electromagnetic signal. induced in the formaiion :he formation by said 
transmitter antennas, the transmitter antennas symmetrically disposed about the 
receiver antennas. 



24. A method of determining a parameter of interest of the formation surrounding 
a borehole while drilling the borehole, comprising: 

(a) conveying in the borehole a drilling assembly including a drillbit for 

drilling the borehole and a measurement while drilling (MWD) assembly 
apparatus including a rotatable housing; 
• (b) making measurements related to a parameter of interest of the 

formation with a formation evaluation sensor carried on at least one 
substantially non-rotating member in contact with the formation, said 
formation evaluation sensor being operatively coupled to the housing; 
and 

(c) processing the measurements from the formation evaluation sensor in a 
processor on the housing to determine the parameter of interest. 



25. The method of claim 24 further comprising obtaining directional information 
from a directional sensor on the housing and and using the directional 
information in the processor. 
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26 The method of *to « whe.-ein the processing indues computing a «. of 
penetration of the drilling tool. 

„. The merhod of Cain, * wherein toe parser of interest is a resistivity image 
of the borehole. 

„. The method of Cain, 24 wherein the drilling assembly is ccnvey* on a drifting 
wWs , selected from: (0 a drillstring, and (ii) coiled tubing. 

29 The method of claim 25 fcrther compnsmg operating an pension device for 
movi „g the a, .east on. non-rotating member from a retracted position to an 
tended position wherein the non-rorating member makes contact «tt .he 
nation, said device seleaed from the group consisting of CO hydraubcally 
„p=,a,ed. (ii) spring operated, and (iii, electrically operated. 



The method of claim 24 ftmher comprising: 

(i) ^^ingafrrstma^ticfreldhnvingaregionofsubstandsilyumfonn 
length in the morion using at least one pennanen, magnet on the 
housing; 

^tttngarad.ofrcuencypuisemtosaidre^nofsuhstanu* 
u „tf 0 „n magneric ne,d to produce a second magnetic freid end «Ce 
nuclei therein byusing a transmitter located on the a, least one non- 
rotating pad for; and 
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(Hi) receiving nuclear magnetic resonance signals from said excited nuclei in 
said region of homogenous magnetic field in a receiver located on the 
at least one non-rotating member. 

3 1 , The method of claim 24 wherein the sensor further comprises two axially 
spaced apart electromagnetic receiver antennas, the method further comprising 
inducing an electromagnetic signal having at least one frequency in the 
formation using a transmitter antenna, and receiving in said receiver antennas 
said induced signal. 

32. The method of claim 24 wherein making measurements about the parameter of 
interest further comprising using two electromagnetic transmitter antennas for 
inducing an electromagnetic signal having a frequency in the formation and 
detecting the induced signal in two electromagnetic receiver antennas, the two 
transmitters symmetrically disposed about the two receivers on the non- 
rotating pad. 



33. A method of determining, while drilling a borehole with a drilling assembly, a 
parameter of interest of the formation surrounding the borehole, comprising: 
a) using a plurality of sensors at known positions on the assembly to 

obtain data relating to the parameter of interest; 
(b) transmitting from a surface control device information about the depth 

of the drilling assembly to a telemetry device on the drilling assembly; 
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'c) obtaining the orientation of the plurality of sensors by using a 
directional sensor disposed in the assembly; 

(d) processing the data about the parameter of interest in a processor 
disposed in the drilling assembly by using the orientation of the sensors 
and the information about the depth of the drilling assembly to give 
processed data about the parameter of interest; and 

(e) Transmitting said processed data about the parameter of interest to the 
surface using a telemetry device on the drilling assembly. 

The method of claim 33 wherein the plurality of sensors rotate with a drill bit 
on the drilling assembly. 

The method of claim 33 wherein the plurality of sensors is mounted on a 
substantially non-rotating sleeve on the drilling assembly. 

The method of claim 33 further comprising conveying the drilling assembly on 
one of: (i) a drillst.ring.-and (ii) coiled, tubing. 

The method of claim 33 wherein the processing includes computing a rate of 
penetration of the drilling tool. 

The method of claim 33 wherein the processing comprises combining data 
measurements recorded within a depth and azimuth sampling interval. 
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The method of claim 33 wherein the processing comprises discarding 
redundant data measurements recorded within a depth and azimuth sampling 
interval 



40. A method of obtaining a seismic image of the subsurface near a borehole while 
drilling the borehole, said method comprising: 

(a) placing a plurality of seismic detectors at a location away from the 
borehole; 

(b) placing a plurality of seismic transmitters on a substantially non-rotating 
sleeve on a drilling assembly conveyed in the borehole, said transmitters 
being in contact with the borehole wall; 

(c) using a processor on the drilling assembly to activate the plurality of 
transmitters and exciting seismic waves having a waveform in the 
formation at a selected time; 

(d) communicating information about the selected time to a processor; 

(e) recording the-seismic w»yes excited in the formation by the plurality of 
seismic transmitters at the plurality of seismic detectors; and 

(f) processing the recorded seismic waves in the processor to form an 
image of the subsurface. 

4 1 , The method of claim 40, wherein the plurality of transmitters comprise three- 
component transmitters and the seismic detectors comprise three-component 
detectors, the method further comprising determining an orientation of the 
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transmitters using a directional sensor; and communicating the orientation of 
the transmitters to the processor. 

The method of claim 40 wherein the waveform of the seismic waves excited 
by the transmitters is substantially a swept frequency signal. 

A Measurement-while-Drilling apparatus substantially as hereinbefore 
described with reference to the accompanying drawings. 

A method of determining a parameter of interest of a formation surrounding a 
borehole while drilling the borehole substantially as hereinbefore described 
with reference to the accompanying drawings. 
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